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Abstract

Supernova (SN) SN HOpe is a gravitationally lensed, triply imaged, Type Ia SN (SN Ia) discovered in James Webb
Space Telescope imaging of the PLCK G165.7467.0 cluster of galaxies. Well-observed multiply imaged SNe
provide a rare opportunity to constrain the Hubble constant (H), by measuring the relative time delay between the
images and modeling the foreground mass distribution. SN HOpe is located at z = 1.783 and is the first SN Ia with
sufficient light-curve sampling and long enough time delays for an H, inference. Here we present photometric
time-delay measurements and SN properties of SN HOpe. Using JWST/NIRCam photometry, we measure time
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delays of Aty =—116.670%8 observer-frame days and Ar, = —48.673§ observer-frame days relative to the last
image to arrive (image 2b; all uncertainties are 1o), which corresponds to a ~5.6% uncertainty contribution for H,
assuming 70 kms~' Mpc~'. We also constrain the absolute magnification of each image to /i, :4.3t};g, Wy =

7.632 s e = 6.4t};§ by comparing the observed peak near-IR magnitude of SN HOpe to the nonlensed population

of SNe Ia.

Unified Astronomy Thesaurus concepts: Cosmology (343); Type la supernovae (1728); Gravitational lensing

(670); Galaxy clusters (584)

1. Introduction

Strong gravitational lensing can cause multiple images of a
background source to appear, as light propagating along
different paths is focused by a foreground galaxy or galaxy
cluster (e.g., Narayan & Bartelmann 1997). Such a phenom-
enon requires chance alignment between the observer, the
background source, and the foreground galaxy. If the multiply
imaged source has variable brightness, then, depending on the
relative geometrical and gravitational potential differences of
each path, the source images will appear delayed by hours to
weeks (for galaxy-scale lenses) or months to years (for cluster-
scale lenses) (e.g., Oguri 2019).

Precise measurements of this “time delay” yield a direct
distance measurement to the lens system that constrains the
Hubble constant (Hj) in a single step (e.g., Refsdal 1964;
Paraficz & Hjorth 2009; Linder 2011; Treu & Marshall 2016;
Grillo et al. 2018, 2020; Birrer et al. 2022b; Treu et al. 2022;
Suyu et al. 2024). Quasars have historically been used for this
purpose (e.g., Vuissoz et al. 2008; Suyu et al. 2010; Tewes
et al. 2013; Bonvin et al. 2017, 2018, 2019a; Birrer et al. 2019;
Wong et al. 2020), since supernovae (SNe) exploding in
multiply imaged galaxies are relatively rare, with only a
handful discovered thus far (Kelly et al. 2015; Goobar et al.
2017, 2023; Rodney et al. 2021; Chen et al. 2022; Kelly et al.
2022; Pierel et al. 2023). Nevertheless, SNe have several
advantages over quasars that are attractive for cosmological
measurements: (1) SNe fade, enabling predictive experiments
on the delayed appearance of trailing images and more accurate
photometry, as the SN (or quasar), lens, and host fluxes are
otherwise highly blended (Ding et al. 2021); (2) SNe generally
have predictable behavior compared to quasars, simplifying
time-delay measurements and requiring much shorter obser-
ving campaigns; and (3) the impact of a “microlensing time
delay” is significantly mitigated owing to the more compact
source size (Tie & Kochanek 2018; Bonvin et al. 2019b).

SNe of Type Ia (SNe Ia), known as “standardizable candles,”
can be used to measure cosmological parameters by way of
luminosity distances and the cosmic distance ladder (e.g.,
Garnavich et al. 1998; Riess et al. 1998; Perlmutter et al. 1999;
Scolnic et al. 2018; Brout et al. 2022). SNe Ia are of particular
value when strongly lensed, as their standardizable absolute
brightness can provide additional leverage for lens modeling by
limiting the uncertainty caused by the mass sheet degeneracy
(Falco et al. 1985; Kolatt & Bartelmann 1998; Holz 2001;
Oguri & Kawano 2003; Nordin et al. 2014; Patel et al. 2014;
Rodney et al. 2015; Xu et al. 2016; Foxley-Marrable et al.
2018; Birrer et al. 2022a), though only in cases where
millilensing and microlensing are not extreme (see Goobar
et al. 2017; Yahalomi et al. 2017; Foxley-Marrable et al. 2018;
Dhawan et al. 2020). Additionally, SNe Ia have well-under-
stood models of light-curve evolution (Hsiao et al. 2007; Guy
et al. 2010; Saunders et al. 2018; Leget et al. 2020; Kenworthy
et al. 2021; Pierel et al. 2022; Mandel et al. 2022) that enable

precise time-delay measurements using color curves, which
removes the effects of macro- and achromatic microlensing
(e.g., Pierel & Rodney 2019; Huber et al. 2021; Rodney et al.
2021; Pierel et al. 2023). The first two spectroscopically
confirmed multiply imaged SNe la were iPTF16geu (Goobar
et al. 2017) and SN Zwicky (Goobar et al. 2023; Pierel et al.
2023), but both had very short time delays of ~0.25-1.5 days
that precluded competitive Hy measurements (Dhawan et al.
2020; Pierel et al. 2023).

Overall, while the advantages of using SNe for time-delay
cosmography relative to other probes have been well
documented (e.g., Refsdal 1964; Kelly et al. 2015; Goobar
et al. 2017; Goldstein et al. 2018; Huber et al. 2019; Pierel &
Rodney 2019; Suyu et al. 2020; Pierel et al. 2021; Rodney et al.
2021; Suyu et al. 2024), only a single strongly lensed SN (the
core-collapse SN “Refsdal”; Kelly et al. 2015) has had time
delays long enough (~1 yr) and sufficient light-curve sampling
for precise time-delay measurements (~1.5%; Kelly et al.
2023b), which yielded a ~6% measurement of H, (64.874% or
66.6731 km s~' Mpc ', depending on lens model weights;
Kelly et al. 2023a). A new multiply imaged SN Ia, SN HOpe
(Frye et al. 2024, hereafter F24), was discovered in 2023 March
by the James Webb Space Telescope (JWST) program “Prime
Extragalactic Areas for Reionization and Lensing Science”
(PEARLS; PID 1176, Windhorst et al. 2023) in NIRCam
observations of the PLCK G165.74-67.0 cluster of galaxies
(Figure 1). Previous observations of the PLCK G165.74-67.0
cluster are described in Cafiameras et al. (2015), Harrington
et al. (2016), Cafiameras et al. (2018), Frye et al. (2019), and
Pascale et al. (2022). This work is part of a series of papers
analyzing the SN HOpe system, which, together with M.
Pascale et al. (2024, in preparation), will provide the first
measurement of H, with a multiply imaged SNIa. The
discovery of SN HOpe is described in F24, and time delays
derived only from spectroscopy of the system are presented in
Chen et al. (2024). In this paper we focus on imaging of the SN
itself, including the photometric time-delay measurement
critical to that forthcoming H,, inference. These measurements
are made using NIRCam photometry and a well-vetted model
for SN 1Ia light-curve evolution, and we produce a series of
simulations to ensure that the uncertainties are well character-
ized. We also compare the observed brightness of SN HOpe to
the general SN Ia population to infer absolute magnifications
for the system.

The outline of this paper is as follows: Section 2 gives an
overview of SN HOpe and summarizes the JWST observation
characteristics, which are described in more detail in F24.
Section 3 details the photometric measurements used in the
remainder of the paper, with analysis of time delays and
magnifications reported in Section 4. In Section 5 we create a
suite of simulations to understand various systematic uncer-
tainties associated with the results of Section 4, and we


http://astrothesaurus.org/uat/343
http://astrothesaurus.org/uat/1728
http://astrothesaurus.org/uat/670
http://astrothesaurus.org/uat/670
http://astrothesaurus.org/uat/584

THE ASTROPHYSICAL JOURNAL, 967:50 (14pp), 2024 May 20

Pierel et al.

Figure 1. Left: JWST/NIRCam color image in the central region of PLCK G165.7467.0 from PEARLS (epoch 1). The filters used are FO90W (blue), F200W (green),
and F444W (red). The images were drizzled to 0”03 pixel "', and the image scale and orientation are as shown. Right: close-up of the boxed region depicting the three
images of the galaxy Arc 2, as labeled. SN HOpe (circled) appears in all three images and flips parity between images 2¢ and 2b and between images 2b and 2a, as

predicted by lensing theory.

conclude with a discussion of the implications for these
measurements in Section 6.

2. Summary of JWST Observations

The description of PEARLS and Space Telescope Science
Institute’s Director’s Discretionary Time (DDT) observations,
SN discovery, and initial analysis of the SN HOpe lensing
system are presented by F24. Briefly, the SN was discovered by
the PEARLS team in (eight-filter) NIRCam imaging taken on
2023 March 30 (MJD 60033) by comparing the F150W data
with an archival Hubble Space Telescope (HST) WFC3/IR
F160W image (2016 May 30, MJD 57538; Frye et al. 2023).
These two filters are extremely well matched in wavelength and
transmission, and as the source was very bright (<24 mag AB)
in F150W but absent in F160W, its transient nature was
confirmed. The initial photometric estimate of the host galaxy
redshift was z~2.3 from HST and Spitzer 3.6 um/4.5 ym
photometry (Pascale et al. 2022), but the poorly matched
resolution between HST and Spitzer led to this being an
overestimate. Updated NIRCam photometry provided a much
more robust estimate of z ~ 1.8, benefiting from the improved
wavelength range and resolution. Adopting predicted time
delays and magnifications from the Frye et al. (2019) lens
model updated with the NIRCam imaging, initial photometric
classification suggested that the SN was likely of Type Ia. A
JWST DDT proposal was subsequently submitted and accepted
(PID 4446), which provided NIRSpec Prism, G140M, and
G235M spectroscopy of the multiple images and two epochs of
additional NIRCam imaging in six filters (see Section 3.4 for
exposure times).

The spectroscopic analysis and updated lens modeling are
described in companion papers, but the NIRSpec data
unambiguously confirmed that the SN was of Type Ia at a

Observer Wavelength (um)
2 4

6
1.01 1o "D — FO90W
: -ees F115W
c 081 s : — F150W
s 3 : F200W
Ru| : F277W
€ 0.6 —— F356W
& F410M
= — F444W
294
5
© :
o :
< 0.2 :
0.01 j j \ - l

0.5 1.0 1.5 2.0 2.5
Rest Wavelength (um)

Figure 2. The JWST filters used to observe SN HOpe, with rest-frame
wavelength on the lower axis and observer-frame wavelength on the upper
axis. Filters with dashed lines (F115W and F410M) were only observed in
epoch 1, while the others were observed in all three epochs, but overall rest-
frame wavelength coverage is excellent.

refined spectroscopic redshift of z=1.783 (Chen et al.
2024; F24), whose value matches the redshift of the SN host
galaxy of z=1.7833 £ 0.0005 (F24; Polletta et al. 2023). The
two NIRCam imaging epochs occurred on 2023 April 22 (MID
60056) and 2023 May 9 (MJD 60073). This meant that the
light curve for each image contained three observations each
separated by ~3 observer-frame weeks, or ~1 rest-frame week.
The combined data set effectively produces an SNIa light
curve with nine epochs and rest-frame UV-near-IR (NIR)
wavelength coverage, which is sufficient to accurately measure
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phases of each image and therefore the relative time delays
(e.g., Pierel & Rodney 2019). The wavelength coverage of the
NIRCam imaging is shown in Figure 2.

3. Measuring Photometry

In most analyses involving dithered exposures, the indivi-
dual exposures for each filter are drizzled together to create a
single (level 3) image. When one is primarily concerned with
precisely measuring the position and brightness of an SN,
point-spread function (PSF) fitting on the (level 2) NIRCam
“CAL” images is the best-understood method (e.g., Rigby et al.
2023), which preserves the PSF structure compared to drizzled
images. CALs are individual exposures that have been
calibrated using the STScI JWST Pipeline®® (Bushouse et al.
2022) and have been bias-subtracted, dark-subtracted, and flat-
fielded but not yet corrected for geometric distortion. The
NIRCam pixel area map for the corresponding short-wave-
length (SW) and long-wavelength (LW) modules containing
the SN must also be applied to each exposure to correct for
pixel area variations across the images.

Due to the increased brightness of the host galaxy Arc 2 and
diminished NIRCam resolution at longer wavelengths, the
signal-to-noise ratio of SN HOpe is only high enough to rely on
individual exposures in the SW channel, and most reliably in
the F150W filter, where SN HOpe is brightest. We will
therefore measure photometry in the F150W filter on CAL
images as a baseline, since this well-established method should
be robust (see Section 3.1), but in order to be consistent across
all filters, this is only used for comparison and not in the final
analysis. Instead, we implement a PSF fitting routine suitable
for drizzled images in Section 3.2, where we test that the results
are consistent with the CAL measurements. Finally, to enable
accurate photometry at all wavelengths without a template
image, we remove Arc 2 light in the drizzled images using a
host surface brightness modeling technique described in
Section 3.3. We use injected PSF models to ensure that the
host subtraction method does not introduce biases, and we
extend the method to all filters for our final photometry in
Section 3.4. In all cases we use the PSF models provided by
WebbPSF (version 1.2.1)* to represent the (level 2) PSF,
which have been updated to better match the observed PSF in
each filter, and take into account temporal and spatial variation
across the detector.

3.1. PSF Fitting on FISOW CAL Images

For each epoch in the F150W filter, we use the Python
package space_phot*' to simultaneously constrain the
(common) SN flux in all CALs (four, one for each dither
position) for all three SN images. Each PSF was fit to the
multiple SN images within a 3 x 3 pixel square in an attempt to
limit the contamination of the Arc 2 halo. The final measured
flux is the integral of each full fitted PSF model, which includes
a correction to the infinite aperture flux. These total fluxes,
which are in units of MJy sr™', are converted to AB magnitudes
using the native 1pixel scale of each image (0”03 pixel ' for
SW, 0706 pixel " for LW). A constant background is removed
from the fitting region, which is small enough that a constant

3 https: //github.com/spacetelescope /jwst
49 hitps: //www.stsci.edu/jwst/science-planning / proposal-planning-toolbox /
psf-simulation-tool

space-phot.readthedocs.io
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background is sufficient. The background is estimated as the
median value in an annulus centered at the SN position with an
inner radius of 5 pixels and an outer radius of 7 pixels. In this
case the method of background estimation is not critical, as
long as it is reasonable and the same method is used in the
following section, as the final photometry uses the host galaxy
surface brightness modeling method (Section 3.3). The
measured photometry from this section is only used as a
baseline to compare with the F150W photometry measured on
drizzled images in the next section, and it is not used in the
final analysis.

3.2. PSF Fitting on F150W Drizzled Images

In this section we use space_phot to measure PSF
photometry on level 3 F150W drizzled images as a test of our
method. space_phot creates files with the same header and
WCS information as the individual CAL files, but containing
only a PSF model at the SN location. The PSF/CAL files are
then drizzled using the same method used to produce the
drizzled data files, which builds a PSF model suitable for
measuring photometry only in that single drizzled image and at
the SN position. We then fit the SN flux in the same 3 x 3 pixel
square with the same background estimation method as the
previous section, and we convert to AB magnitudes in the same
manner. The resulting magnitudes agree with the F150W CAL
file measurements from the previous section to within
opsg = 0.04 mag. This is within the statistical uncertainty of
our level 3 PSF fitting for most filters, but we include it as a
possible systematic in our final photometry and proceed with
measuring photometry on level 3 drizzled images for the
remainder of this work.

3.3. Host Model-subtracted Images

As shown in Figure 1, Arc 2 is bright (mgoow = 20.3) and
red. This makes extraction of the SN light difficult without a
template used for difference imaging, particularly at longer
wavelengths. To achieve an efficient subtraction of the
contaminant light, we need to perform a surface brightness
reconstruction of the host/background galaxy accounting for
the lensing effect. Such additional distortions of the arc image
are not well represented by analytical profiles, and we therefore
use the Gravitational Lens Efficient Explorer (GLEE) software
because of its capability to perform detailed surface brightness
reconstruction in lensing scenarios (Suyu & Halkola 2010;
Suyu et al. 2012). The detailed galaxy surface brightness and
lens modeling will be published in G. Caminha et al. (2024, in
preparation), and here we give a short description of the main
steps. We first use the positions of substructures along Arc 2
and other multiply imaged galaxies to model the gravitational
lensing deflection adopting a parametric approach for the
cluster total mass distribution. Our total mass parameterization
consists of two main cluster-scale components plus a dual
pseudo-isothermal elliptical (dPIE) density profile for each
securely identified cluster member using the F150W magni-
tudes for the scaling relation, which is similar to previous
works (see, e.g., Pascale et al. 2022). In a second step we use
the extended light of Arc 2 to model the cluster lens properties
and the source light simultaneously, using the best-fit mass
model obtained with the multiple image positions as a starting
point to find the final solution. The light distribution of Arc 2 in
the source plane is described by a grid of pixels but with a


https://github.com/spacetelescope/jwst
https://www.stsci.edu/jwst/science-planning/proposal-planning-toolbox/psf-simulation-tool
https://www.stsci.edu/jwst/science-planning/proposal-planning-toolbox/psf-simulation-tool
https://space-phot.readthedocs.io

THE ASTROPHYSICAL JOURNAL, 967:50 (14pp), 2024 May 20

Residual

Data

Model

1 arcsec

1 arcsec

Figure 3. Host light subtraction for Arc 2. Color-composite images of epoch 1
are shown using the filters FOOOW, F150W, and F200W as blue, green and red,
respectively. Left panels show the original data, middle panels show the surface
brightness distribution predicted by our strong-lensing total mass model, and
right panels show the residuals (i.e., data—model) with the same scaling. Note
that the SN is not present in the model, and so it is expected to be present in the
residuals. The orientation is the same as in Figure 1.

curvature regularization to avoid high pixel-to-pixel variations
(see Suyu et al. 2006, for more details). The light distribution is
then mapped to the image plane and convolved with the PSF
estimated directly on each single band image interactively to
minimize the differences between the observed data and model.
In Figure 3, we show an example of subtraction using epoch 1
data. The process is repeated for all epochs and all filters, which
are used for the final photometry measured in Section 3.4.

3.3.1. Injected Source Recovery Test

In order to test whether the host subtraction method above
biases our SN photometry measurements, we plant three point
sources representing SNe around each image of Arc 2 for all
epochs and filters. Each injected point source is roughly the
same brightness as the corresponding image of SN HOpe, and
together the three fake sources and SN HOpe form a rectangle
around each Arc 2 image. The locations were chosen to obtain
similar contamination from the host galaxy in image 2a, and
then those plant positions were translated to positions in 2b and
2c with the lens model. After subtracting the host light derived
in the previous section, we measure the flux of each injected
PSF with the same method described above. We use the
resulting rms in each filter as an additional systematic
uncertainty on our final measured photometry (Table 1),
described in the following section. Note that F356W and
F444W are absent, as we found that the source reconstruction
method was not reliable at these longest wavelengths when
recovering injected PSF models. We therefore remove these
filters from the current analysis until a template is obtained for
the system in JWST Cycle 3 (PID 4744) for traditional
difference imaging.

Pierel et al.
Table 1
Systematic Photometry Uncertainties Measured by Recovering Injected PSF
Models
Filter Up]zmt
(mag)
FOoow 0.02
F115W 0.05
F150W 0.06
F200W 0.07
F277W 0.14
Table 2

Photometry Measured for Each Image of SN HOpe in Each Filter and for Each
Observing Epoch

Exp.
MJD Filter Time Mo, Moy Mye

(s)

60033  FO9OW 2490 30.55 £047 25.53+0.05 28.71+0.11
60033  F115W 2490 28.35£0.11  24.69 £0.06 26.16 +0.07
60033  F150W 1889 26.50 £0.08 2393 +£0.07 24.9540.07
60033  F200W 2104 2645 £0.08 2421 £0.08 25.2540.08
60033 F277TW 2104 2572 £0.14 2493 £0.14 2558 £0.14
60057  FO9OW 1245 >29.71 26.44 £0.07 30.23 £0.74
60057 F150W 858 27.06 £0.10 24.03 £0.07 25.4540.08
60057  F200W 1760 26.82 £0.09 2435£0.08 25.06 % 0.08
60057 F277TW 1760 26.07 £0.15 2520£0.14 2537+0.14
60074  FO9OW 1417 >29.48 2721 £0.09 30.45+£0.81
60074  F150W 1245 27.37£0.12 2442+ 0.07 2594 +0.08
60074  F200W 1760 26.74 £0.09 24.81 £0.08 25.24 £+ 0.08
60074  F277TW 1760 2628 £0.15 2521 +£0.14 25.18+£0.14

Note. Columns show Modified Julian Date, NIRCam filter, exposure time in
seconds, and photometry plus final uncertainty for SN image “m,,,” “may,” and
“my.” in AB magnitudes. Upper limits are 30.

3.4. Final Photometry

We measure the final photometry on the host-subtracted
image from the previous section in all filters and epochs. The
final photometry measured here is reported in Table 2, and the

uncertainties correspond to Oy = \/ 02 + o%lam + Opsps
where o, is the statistical uncertainty derived from the
posterior of each PSF fitting routine, opjan is measured from
injected source recovery in Section 3.3.1, and opsg is the
estimated additional uncertainty from performing PSF photo-
metry on level 3 data (Section 3.2). A final source of
photometric uncertainty is a systematic uncertainty on the
zero-points, which is <0.01 mag for all filters and is therefore
subdominant to the uncertainties derived here (M. Boyer 2024,
private communication; M. Boyer et al. 2024, in preparation).

4. Light-curve Fitting

We fit the photometry of the multiple images simultaneously
using the SN Time Delays (SNTD) software package (Pierel &
Rodney 2019). Milky Way dust extinction (E(B — V) =0.019,
Ry=3.1) was based on the maps of Schlafly & Finkbeiner
(2011) and extinction curve of Fitzpatrick (1999). We used a
phase-extended version of the BayeSN SN Ia spectral energy
distribution (SED) model (Mandel et al. 2022; Grayling et al.
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Table 3

Summary of the BayeSN Parameters Used in Fitting SN HOpe
Parameter Description Free/Fixed Bounds Value
Z Redshift Fixed e 1.783
tox (MID) Image 2b time of maximum Free [—20, 20] 4+ 60033 60037.77:342
0 Light-curve shape Free [—2, 2] —0.74+939
Ay V-band dust extinction Free [0, 3] 121454
Ry Ay/EB —V) Free (1, 6] 3107949

2024), which covers the full plausible rest-frame phase range of
SN HOpe, to fit the measured photometry. The version of
BayeSN we used is a variant of the one presented by
Ward et al. (2023) and uses the training set detailed therein.
The model is trained to cover rest-frame phases as late as 50
days, with linear extrapolation in the space of the logarithm of
the SED beyond that. We included u-band data in the training,
enabling coverage of the FOOOW photometry of SN HOpe. This
is the only model for SNIa light-curve evolution with the
necessary flexibility and sufficient wavelength and temporal
coverage for this data set (particularly for image 2a), making it
difficult to estimate systematic uncertainties associated with a
single choice of SN model. We therefore produced a suite of
simulations (described in Section 5) to quantify the final time-
delay uncertainties. In addition to the base template and Milky
Way dust noted above, BayeSN includes a rest-frame host
galaxy dust component (parameterized by the V-band extinc-
tion Ay and ratio of total to selective extinction Ry) and a light-
curve shape parameter 6. (This has a strong negative correlation
with SALT2’s stretch parameter, x;, meaning that positive ¢
implies a faster decline rate; see, e.g., Figure 4 of Mandel et al.
2022.) The free parameters in the model and their status in the
fitting process are summarized by Table 3.

4.1. Time Delays

With the knowledge that SN HOpe is an SN Ia, we are able to
leverage the BayeSN SED model (Mandel et al. 2022) to
measure time delays with the SNTD Color method (Pierel &
Rodney 2019; Pierel et al. 2023). This method finds common
values for the BayeSN light-curve parameters (i.e., shape 6 and
dust extinction parameters Ry, and Ay) among all SN HOpe
images, while measuring time delays relative to the value of
corresponding to image 2b (chosen as the brightest image and
last to arrive; Figure 1). The Color method directly fits using
color curves (i.e., observed SN colors over time), which
removes the need for normalization and relative magnifications.
The primary advantage of the Color method is that it is
insensitive to achromatic microlensing, as any such effect is
identically present in all bands (The impacts of chromatic
microlensing are discussed in Section 5.2.2.) Degeneracies
between magnification ratios and time delays are also removed,
but the cost of color curves is fewer clear inflection points
compared to light curves in certain filter combinations and
phases. The SN HOpe light curve has sufficient features in the
color curves to use this method, which optimizes a joint
likelihood function including both the SN Ia light-curve model
parameters and the time delays with bounds of £200 observer-
frame days. Figure 4 shows the measured photometry and
model with best-fit parameters and time delays applied, and the
results are summarized in Tables 3 and 4. Note that the
measured value for 6, —0.74, is equivalent to a normal decline

Table 4
Measured Time Delays and Magnifications
Image At (t; — 1) I
(Days)
2a —116.6+3%8 43418
2b 76138
2c —48.6438 6.4+1¢

rate of Am;s(B) = 1.13 (Phillips 1993). The measured value of
At in Table 4 includes corrections based on the systematic
uncertainties derived in Section 5 following the methods of
Kelly et al. (2023b). While some of the points appear
discrepant from the model at ~1o—20 (e.g., the first epoch
for image 2a in F150W-F200W), this has been propagated
through to the final time-delay and magnification uncertainties
by way of our simulations in Section 5, and further
improvements will require improved photometry from differ-
ence imaging and an improved late-time SN Ia model (see
Section 6). The posterior distributions from the fitting are
shown in Figure 5. The distributions display an expected
covariance between (Ry, Ay), as well as some covariances
between (0, Aty,.) and 1, and the time delays. The covariances
with p, are also to be expected, while the (0, At,.) covariance
is likely because the second infrared maximum constrains Aty
and is directly related to §. While we cannot fit all three images
of SNHOpe with existing models other than BayeSN, for
consistency we do measure time delays for images 2b and 2 ¢
with the SALT3-NIR model. We find agreement within 1o and
proceed with our BayeSN result, as it can applied to all three
images.

4.2. Magnifications

Relative magnifications between the multiple images have
been used as a model-independent means of weighting lens
models while inferring Hy, (i.e., Kelly et al. 2023a), but absolute
magnifications provide a more stringent constraint when
measurable. Given their standardizability, SNela provide a
rare opportunity to measure an absolute magnification,
increasing their utility for time-delay cosmology (e.g., Birrer
et al. 2022a). As mentioned in the previous section, the SNTD
Color method does not measure an overall normalization. We
therefore fixed the intrinsic model parameters and time delays
to those measured in the previous section and then fit for the
image 2b normalization and magnification ratios of images 2a
and 2c relative to image 2b. We converted the magnification
ratios to absolute magnifications by assuming that SN HOpe is
standardizable in the rest-frame NIR, where the impacts from
dust are mitigated relative to the rest-frame optical. Specifi-
cally, we used the peak F277W magnitude (~rest-frame Y



THE ASTROPHYSICAL JOURNAL, 967:50 (14pp), 2024 May 20

< FOOOW-F115W

1.0+ — Best-fit 2b
® 2a A 2c

157t

207

25+ A

FO9O0W-F200W
2=
1t
4=+
6=+

_0.0¢ F115W-F150W
(@]
©
O 0.5"
© *
S 1.0t
_§:L5n
@)
2.0t , :+ '
—-1% F115W-F277W
O--
1=+
2--
3= : '

F150W-F277W
—1+
0 “A&/
14 +-+_

Pierel et al.

FO9OW-F150W

FOOOW-F277W
2+
ot !
6+

—-057T ﬁFlSOW—FZOOW
*

0.0+ ++

05 -

F200W-F277W

—1.0+
—05+
0.0t

05} ¢

0 100 200

1.0+ ++ '

0 100 200

MJD - 60037.6 (Observer-frame)

Figure 4. Reconstructed color curves for SN HOpe, after applying the best-fit time delays. The vertical error bars are the photometric precision, while the horizontal
error bars are the 16th and 84th percentile simulation recovery time-delay posterior for images 2a and 2c (see Table 5), and 7, for image 2b. The gray shaded region is

uncertainty on the best-fit model from the SNTD Color method (black solid).

band) measured here from BayeSN including the final
measurement uncertainty, which previous work has shown to
be an excellent estimator for luminosity distance while fitting
for shape and color for normal SNe Ia such as SN HOpe (e.g.,

Pierel et al. 2022). We fit the complete sample of spectroscopic
SN Ia peak mp measurements (Scolnic et al. 2018; Brout et al.
2022) with three separate methods to obtain the predicted value
of mp at z=1.783 (Figure 6). The three methods are a simple
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Figure 5. Posterior distributions of the SNTD Color method fitting of HST photometry. The dashed vertical lines correspond to the distribution 16th, 50th, and 84th
percentiles. The reported measurement values (solid red lines) are the maximum likelihood estimates from these distributions.

second-order polynomial, a Gaussian process, and a kinematic
expansion (Riess et al. 2022, Equation (4) with j, = 1). We take
the average of these methods (26.13 AB mag) and propagate
the standard deviation to the magnification uncertainties (0.14
mag). We then scaled the best-fit BayeSN model to this B-band
magnitude and predict a nonlensed F277W AB magnitude of
26.98. We compared the best-fit model-predicted F277W to
this reference magnitude for each image to give absolute
magnification measurements. This would be fully model
independent given a set of distance measurements using
F277W at this redshift, but this is not possible at the current
time. However, as the myz measurements we used as a reference

are independent of cosmology, our magnification measure-
ments are still independent of H,. We combined the
uncertainties on each measured magnification (Section 5) with
systematic uncertainties based on the intrinsic scatter of SN Ia
absolute magnitudes measured by Scolnic et al. (2018;
0.1 mag). They further report zero-point uncertainties of
<0.01 mag, and we therefore ignore this additional systematic.
The measured time delays and magnifications are shown in
Table 4, and the final reconstructed light curve is shown in
Figure 7, where all observations are consistent with the model
within 1o. Once again, we attempt to measure magnifications
in the same manner using SALT3-NIR for images 2b and 2c,
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Figure 6. A visual representation of finding the predicted value of mp for an
SN Ia at z = 1.783, using the SNe Ia from Scolnic et al. (2018) and Brout et al.
(2022) (black). The data are fit with a second-degree polynomial (blue dotted),
a Gaussian process (purple dashed—dotted), and a kinematic expansion (red
solid). The redshift of SN HOpe is shown as a dashed green line.

and we find agreement within 10—20. While this is in slight
tension, without more SNe Ia at high z this method must remain
model dependent, and we therefore proceed with the BayeSN
result, as it can be applied to all three SN images.

5. Simulations

We simulated variations of the measured color curves both to
test the robustness of our fitting procedure and to estimate the
statistical and systematic uncertainties of the time-delay and
magnification measurements. We created two distinct sets of
simulations (photometric variability, Section 5.1; SED varia-
bility, Section 5.2) that test different aspects of the fitting
uncertainties, described below. We then varied the second set
further by introducing the effects of chromatic microlensing
(Section 5.2.2). These simulations serve to illuminate the
relative sources of uncertainty for this analysis, and then we
create a single final set of simulations that include all of the
effects discussed in Sections 5.1-5.2.2 that define our
combined uncertainties (Section 5.3). These are added in
quadrature with three external (not related to the SED or light
curve) sources of systematic uncertainty, namely millilensing
(Section 5.4), the intrinsic scatter of SNe Ia, and the SN Ia myp
population interpolation uncertainty (the last two discussed in
Section 4.2). The results of this section are summarized in
Table 5.

5.1. Random Photometric Realizations

We created mock observations drawn from a normal
distribution centered at each measured flux, with o corresp-
onding to the measured photometric uncertainty (Table 2). We
created simulated color curves and generated 100 realizations
of each SN image. We ran the identical SNTD Color method
and magnification measurement used in the previous section on
each of the realizations, and Table 5 shows the results. Due to
the relatively large systematic uncertainties in the photometry
(Table 1), varying the photometry has quite a large impact on
the time-delay measurements. The effect is most significant for
image 2a, where the bulk of the time-delay inference comes
from the F277W photometry, which has the largest uncertain-
ties. The template imaging planned for SN HOpe in JWST
Cycle 3 will both improve the photometry in F277W and add
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the F356W/F444W filters, likely reducing this uncertainty
significantly.

5.2. SED-based Simulations
5.2.1. Baseline Simulations

Mock color curves were also created using the BayeSN
model to explore model- and/or wavelength-dependent
systematics. These simulations include realizations of residual
intrinsic light-curve variation (beyond the principal effect of
light-curve shape ) drawn from BayeSN’s learned distribution
of intrinsic residuals (¢; see Mandel et al. 2022, Section 5.2.2
for details). In this way, our simulations should capture the
intrinsic diversity of SN Ia color curves. The simulations
include a range of values for the BayeSN light-curve shape (6)
and dust extinction (Ay) values based on independent
constraints from the NIRSpec data (Chen et al. 2024). The
spectra show SN HOpe to be a normal SN Ia, and therefore we
simulated SNe Ia over the reasonable population values for 6
and Ay of —2<0<2 and 0<Ay< 1.5 given Ry=3.1
(Mandel et al. 2022). This is the best-fit value of Ry from
our light-curve fitting, and we fix it here, as it is highly
covariant with Ay and has little impact on measured time delays
or magnifications (Figure 5). We then simulated 100 color
curves with cadence and photometric precision matching those
described above but with random offsets to the relative time
delays and magnifications between images. Again, the results
of running the identical SNTD Color method and magnification
measurement used in Section 4 on each of the realizations are
summarized in Table 5. The results from fitting this set of
simulations, which essentially includes both the model
uncertainty and intrinsic variability of SNe la as a function of
wavelength, are the largest source of uncertainty for both time
delays and magnifications. The most promising means of
improving this uncertainty would be to add the F356W and
F444W filters, which provide additional light-curve informa-
tion particularly at late times, and to continue improving SN Ia
SED models in the NIR and at late times (beyond 50 rest-frame
days after peak brightness).

5.2.2. The Impacts of Microlensing

Microlensing from small perturbers such as stars in the lens
plane is well-known to potentially impact time-delay measure-
ments (e.g., Dobler & Keeton 2006; Goldstein et al. 2018;
Huber et al. 2019; Pierel & Rodney 2019; Huber et al. 2022).
The effects of microlensing are not generally achromatic
because the specific intensity profiles for SNe vary for different
filters. Therefore, the expanding SN shell interacts with the
microlensing caustics, and the resulting magnification is
chromatic (Foxley-Marrable et al. 2018; Goldstein et al.
2018; Huber et al. 2019). For SNela, microlensing is
essentially achromatic in the first ~3 rest-frame weeks after
explosion (i.e., the “achromatic phase”; Goldstein et al. 2018;
Huber et al. 2021). The method of measuring time delays with
color curves is therefore valuable because it removes the
uncertainty of macrolensing and achromatic microlensing from
the fit. The observations of (at least) image 2b of SN HOpe are
likely in the achromatic phase, but it is plausible that the
remaining observations are impacted by chromatic
microlensing.

We produced a magnification map for each SN image and
convolved the SN Ia light profiles from four theoretical models
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Figure 7. Reconstructed light curve for SN HOpe after applying the best-fit time delays and magnifications relative to image 2b. The vertical error bars are the
photometric precision based on the work in Section 3 combined with an additional magnification uncertainty from Section 5, while the horizontal error bars are the
16th and 84th percentiles for the time-delay posteriors from Figure 5. The gray shaded region is the best-fit model from the SNTD Color method scaled to image 2b.

Table 5
The Variation in Measured Time Delay and Magnification of Each Simulation Scenario from Section 5, Relative to the Measurements of Section 4
Sim Type (Section) Image A Image B Image C
ot op ot op ot bp
(days) (days) (days)
Photometric (5.1) 055874 —0.367197 026719 —0.5712¢ —0.221978
SED (5.2.1) —1.247482 0.0894 —04770% —0.457131 —0.011979
Microlensing (5.2.2) —0.20%9%3 0.22+04 —0.63723) —0.041313 0.30+29
Combined (5.3) —0.97+08 0.0311:38 —0.321336 —0.671338 0.287083
Millilensing (5.4) . 0.061043 —0.124332 - 0.12+74
Intrinsic SN Ia Scatter (4.2) 0.0073% 0.00737¢ 0.0093%
my Interpolation (4.2) . 0.00+9:38 0.00:0:93 - 0.0050%83
Final Uncertainty —0.97+3083 0.09+{£9 —0.4473¢! —0.677338 0.40113]
(Suyu et al. 2020; Huber et al. 2021) with each magnification Table 6
map (1000 random positions per model for a total of 4000 Parameters Used to Create Microlensing Magnification Maps for Each SN
convolutions per map) in the manner of Huber et al. (2019). Image
The parameters used to generate the magnification maps are the Image o N
lens surface mass density scaled to the critical value (k), the
image shear (), and the smooth matter fraction (s). Here « and gf) g'gg; g'ﬁi
~ at each SN image position are the median of six independent 2% 0576 0246

lens model predictions from M. Pascale et al. (2024, in
preparation), and we assume a value of 0.99 for s across all
maps, consistent with Kelly et al. (2023b). Table 6 shows the «
and ~y values used for each SN image. We selected 40 random
chromatic microlensing curves for baseline simulation from the
previous section and varied the flux in each band by the phase
-and wavelength-dependent magnification curves. Our total
number of microlensed simulations was therefore 4000.
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Finally, we ran the SNTD Color method and magnification
measurement used in Section 4 one more time on each of the
realizations. Table 5 summarizes the results.

For completeness, we checked for the level of chromatic
microlensing effects that could be impacting our observed
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Figure 8. The level of chromatic microlensing expected from our simulations
in the case of SN HOpe (across all three SN images) showing all the possible
color combinations. The color bar corresponds to the shift in magnitudes. For
example, the cell associated with FISOW and F200W corresponds to the
F150W-F200W color.

photometry by examining the maximum chromatic deviation
due to microlensing over the course of the full light curve for
all filter combinations. The results are summarized in Figure 8§,
which suggests a maximum of ~0.06 mag of chromatic
microlensing. The impact overall is relatively low, reaching a
maximum of 20.05 mag in the F356W and F444W filters, and
is generally <0.02 mag in the filters used in this analysis. This
is consistent with the small additional uncertainty due to
microlensing found by fitting the simulated light curves. If a
future time-delay analysis includes the F356W and F444W
filters, particular care should be taken with respect to chromatic
microlensing, but the impacts are small for the present analysis.
This is consistent with the results of fitting the simulations,
which found the extra uncertainty due to microlensing to be
quite small compared to the other sources of uncertainty
explored here.

5.3. Combined Simulation

We produce one final set of 1000 simulated versions of
SN HOpe, which include all the sources of variability discussed
above, ensuring that the full covariance of these uncertainties is
correctly included. Our final uncertainties are the result of
fitting these simulations, which contain all sources of
uncertainty we are able to simulate. We combine this with an
additional systematic uncertainty from millilensing, discussed
in the following section, along with systematics of 0.1 and 0.03
mag due to the intrinsic scatter of SNe Ia and the uncertainty in
our mp interpolation (see Section 4.2), with the results shown in
Table 5. The final row in Table 5 includes systematic shifts,
which were used to correct each actual measurement from
Sections 4.1 and 4.2.

5.4. The Impacts of Millilensing

Kelly et al. (2023b) found that millilensing, which is
additional lensing caused by dark matter halos (referring to
subhalos associated with the cluster and halos along the line of
sight), caused an additional ~10% uncertainty in the measured
magnifications for SN Refsdal. The impact of millilensing is
achromatic and therefore will not impact our time-delay
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measurements but could plausibly impact the image magnifica-
tions at a similar level. Using the ray-tracing technique
presented by Gilman et al. (2019), we computed the expected
millilensing due to dark matter cluster subhalos and line-of-
sight halos for a projected mass density in substructure
bracketing the range of expected values based on theoretical
and observational arguments (Gilman et al. 2020). This
corresponds to a 1%-10% fraction of mass in dark matter
subhalos with masses in the range 10°~10'° M. Halos more
massive than 10'° M. would likely contain a visible counter-
part, and halos less massive than 10° M, are too small to
significantly alter the image magnifications. We modeled the
line-of-sight structure using a Sheth-Tormen halo mass
function (Sheth et al. 2001), placed uniformly (in 2D) around
each SN image and along a cylindrical line-of-sight volume
with diameter equal to the comoving distance to the cluster
times 1”. We report the additional uncertainty in magnification
due to millilensing in Table 5, where we assume the median
scenario of a 5% dark matter contribution from subhalos,
finding that magnification due to millilensing ranges from a
~4% to ~8% effect among the three SN images.

6. Conclusions

SN HOpe is the first multiply imaged SNIa and second
multiply imaged SN capable of delivering a competitive H,
measurement. Time delays (relative to the last image to arrive,
2b) are Atab:fll6.6f$%‘8 observer-frame days and Afy, =
—48.6138 observer-frame days. Leveraging the fact that
SN HOpe has a standardizable light curve, absolute magnifica-
tion estimates are i, =4.371% 1,=7.63% p.=6471%
These time-delay measurements will be included in an
upcoming inference of H, (M. Pascale et al. 2024, in
preparation). While the inferred value of H, is not shown
here, if we assume a fiducial result of Hy =70 km s7! Mpcfl,
then the uncertainty from this time-delay measurement alone
would be ~3.9kms 'Mpc~!, which is then added in
quadrature to the lens model uncertainty.

While we are unable to fully explore possible systematic
uncertainties introduced by using a specific model to analyze
SN HOpe, we attempted to mitigate this by using simulations to
estimate the uncertainties, including a model of intrinsic SN Ia
variability in the generative model to account for possible
shortcomings in the model. We modeled the possible magnifica-
tion uncertainty due to millilensing from dark matter subhalos,
which does not impact time-delay measurements but
contributes an additional magnification uncertainty of o, =
—0.061033, S, = 0.1270:22, 5y, = —0.121073. We also con-
sidered the possible impacts of chromatic microlensing, which are
relatively small (8t = —0.201085, &ty = —0.04712 days and
p, = 0.227098, 8, = —0.637334, p, = 0.307039), as  the
SN is well offset from cluster-member galaxies, and the
observations of image 2b are in the achromatic phase of SN Ia
microlensing variability, which limits the impact for time-delay
measurements (Goldstein et al. 2018; Huber et al. 2021). The
exception is the magnification measurement for image 2b, which,
based on our simulations, may be significantly impacted by
microlensing, as it has higher values for both x and + relative to
images 2a and 2c.

The most significant sources of uncertainty in this analysis
are the photometry (6t = 0.55757%, &ty = —0.5775305 days
and 6p, = —0.367197, 6, = —0.26%4% 6, = —0.227570),
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due to the brightness of Arc 2 (particularly at longer
wavelengths), and uncertainties from the SNIa SED model
BayeSN (&t = —1.247382, 61, = —0.45'9",, days and
p, = 0.0810¢}, Sp, = —0.4755%, 6, = —0.0177).  The
latter issue is likely to be resolved with time, as more NIR
data are collected from (in particular) the Nancy Grace Roman
Space Telescope. While we implemented a method to remove
host galaxy light using a novel lens modeling technique, large
residuals remained at the longest wavelengths, and we were
unable to detect the SN despite predicted brightnesses that were
above our detection threshold. A set of JWST/NIRCam
template images in the same filters is planned for Cycle 3
(PID 4744), which will greatly improve the LW channel
photometry and thereby the time-delay measurement precision.
For now, we used planted PSF models to estimate the
photometric precision on our final SN HOpe photometry.
Upcoming surveys such as the Vera C. Rubin Observatory
Legacy Survey of Space and Time (LSST; Ivezic et al. 2019)
and the Nancy Grace Roman Space Telescope High Latitude
Time Domain Survey (HLTDS; Pierel et al. 2021; Rose et al.
2021) are expected to deliver dozens of useful galaxy-scale
multiply imaged SNe, but the number of expected cluster-
lensed SNe similar to SN HOpe and SN Refsdal is uncertain.
Roman in particular, with its ~2000 deg® High Latitude Survey
(HLS) and ~20 deg” HLTDS, will observe ~23,000 massive
galaxy clusters (Eifler et al. 2021). A subset of these clusters
have already been accurately modeled using observations from
programs such as the Reionization Lensing Cluster Survey
(RELICS; Coe et al. 2019), Hubble Frontier Fields (HFF; Lotz
et al. 2017), and JWST UNCOVER (Weaver et al. 2024). This
allows an estimate of the multiply imaged SN yields in the area
strongly lensed by the clusters (M. Bronikowski et al. 2024, in
preparation). While the Roman HLTDS observing fields have
not yet been selected, it is important to explore which of the
massive clusters provides the optimal prospects for discovering
strongly lensed SNe in order to maximize the potential for a
precise measurement of H,, facilitated by the fact that these
systems offer long time delays and wide image separations. As
a result, cluster-lensed SNe are likely to continue as an
extremely valuable subset of the future cosmological sample.
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